Centrally mediated cardiovascular effects of the three structurally different calcium antagonists (Ca-antagonists), i.e., verapamil, diltiazem and nicardipine, were studied in rats. In conscious rats, when administered intracerebroventricularly (icy. ) in doses of 0.3, 1 and 3,ug/kg/min for 30 min, all the three Ca-antagonists induced dose-dependent increases in mean arterial pressure (MAP) and pulse rate (PR), whereas nicardipine administered intravenously (iv.) caused a decrease in MAP and an increase in PR. In anesthetized rats all the three Ca-antagonists in a dose of 3 ,u g/kg/min for 60 min i.c.v, significantly potentiated the hypotensive and bradycardic effects of icy. clonidine. Nicardipine, in a dose of 0.3 1cg/kg/min for 60 min icy., attenuated the hypotensive and bradycardic effects of icy. clonidine or B-HT 920, an a2-adrenoceptor agonist, in anesthetized rats, whereas it did not modify the cardiovascular effect of icy. angiotensin II or y-aminobutylic acid in conscious rats. Nicardipine, in a dose of 0.3 1ug/kg/min for 60 mm iv., did not modulate the hypotensive and bradycardic effects of icy. clonidine. 3-Isobutyl-lmethylxanthine (IBMX), a cyclic AMP phosphodiesterase inhibitor, in a dose of 3 ,ug/kg/min for 60 min icy., also attenuated the hypotensive and bradycardic effects of icy. clonidine. Potentiation by the three icy. Ca-antagonists of the hypotensive and bradycardic effects of clonidine would be explainable if their inhibitory effect on Ca-influx is exerted at presynaptic nerve terminals but not at postsynaptic. The mechanisms of the cardiovascular effect of icy. Ca-antagonists still remain to be elucidated but may be independent of a central a2-adrenoceptor mechanism. Dihydropyridine Ca-antagonists like nicardipine are also potent inhibitor of cyclic AMP phosphodiesterase. Since IBMX mimicked the effect of nicardipine, the effect of a low dose of icy. nicardipine in attenuating the hypotensive and bradycardic effects of icy. clonidine may be mediated by inhibition of cyclic AMP phosphodiesterase in the central nervous system. clonidine ; IBMX ; central nervous system ; blood pressure ; pulse rate
Calcium entry blockers or calcium antagonists (Ca-antagonists) are currently available as antianginal and antihypertensive drugs. They are also capable of interfering with calcium-dependent neurotransmitter release from the peripheral neurons, although rather high concentrations were needed to achieve this neuronal suppression (Starke and Schumann 1973 ; Gothert et al. 1979 ). So far as central neurons are concerned, the Ca-antagonists, methoxyverapamil (D 600) and diltiazem, have been reported to reduce markedly the depolarization-induced, calciumdependent release of 3H-catecholamines from guinea-pig brain vesicular preparations (Ebstein and Daly 1982). Therefore, it can be expected that Ca-antagonists, when applied to the central nervous system (CNS), would produce some centrallymediated effects. Nevertheless, such information is very scarce in the literature. A pertinent paper written by Timmermans et al. (1983) has come to our attention. In their study, nifedipine, a Ca-antagonist, when applied intracerebroventricularly (i.c.v.) to rats, antagonized the hypotensive effect of i.c.v, clonidine, an a2-adrenoceptor agonist. However, it did not discuss the nifedipine's central effects on cardiovascular functions in any detail. More recently Higuchi et al. (1985) reported that verapamil, diltiazem or nifedipine produced hypotensivn and bradycardia when these agents were administered into the nucleus tractus solitarii (NTS) or its vicinity, where the site of action of a'2-adrenoceptor agonist is postulated. It is well known that a2-adrenoceptors play a key role in mediating the hypotensive and bradycardic effects of centrally acting antihypertensive drugs such as clonidine (Kobinger and Pichler 1980; Timmermans et al. 1981) . A close relation has been postulated to exist between a2-adrenoceptors and the Ca-channel particularly at the postsynaptic sites in the CNS. In view of these opinions the interaction between Ca-antagonists and a2-adrenoceptor agonists was investigated in the present study. In addition we designed the present study to obtain information about the centrally mediated cardiovascular effects of Ca-antagonists. For this purpose we administered Ca-antagonists centrally and compared the results with those obtained by their intravenous (i.v.) administration.
As the chemical structures of Ca-antagonists are diverse, some of them have additional actions such as an inhibition on the fast Na-channel (Fleckenstein 1981) . Therefore, to find out the effect ascribable to the Ca-antagonism, in the present study we chose three structurally different Ca-antagonists, i.e., verapamil, diltiazem and nicardipine.
MATERIAL AND METHODS
Male Sprague-Dowley rats of 200-400 g (15-25 weeks) were used. These animals were anesthetized with sodium pentobarbital (Nembutal®, Abbott) and i.c.v. cannulas made of polyethylene tubing were implanted stereotaxically into both cerebroventricles at coordinates AP 1.0, L and R 1.5, H 5.0 with the bregma as reference. A week later catheters were implanted in the left femoral artery and vein, and passed subcutaneously to emerge at the neck. The catheters were filled with heparinized saline (1,000 IU/ml) and sealed by heating. The animals were allowed to recover for at least 24 hr and were conscious or anesthetized during subsequent studies. During each experiment on conscious rats, rats were placed in rectangular boxes 30 X 17 X 17 (cm) without any restriction of movement. Blood pressure was recorded from the femoral artery using a pressure transducer (Statham, P23ID, Oxnard, CA, USA) and pulse rate (PR) was measured using a cardiotachometer (Nikon Kohden, RT-5, Tokyo). Pulsatile arterial pressure, mean arterial pressure (MAP) and PR were recorded continuously on a rectilinear recorder (San-Ei Instrument, Type BK 12, Tokyo). At least 1 hr was allowed for stabilization of the blood pressure and PR before starting experiments on conscious rats. By this time the rats became generally resting.
The drugs used in the present study were clonidine hydrochlolide (Boehringer Ingelheim, Ingelheim, FRG), B-HT 920 (Dr. Karl Thomae, Biberach an der Riss, FRG), angiotensin II (Hypertensin®, Ciba-Geigy, Basel, Switzerland), y-aminobutyric acid (GABA, Sigma, St. Louis, MO, USA), ( -)-verapamil hydrochloride (Knoll, Ludwigshafen, FRG), diltiazem hydrochloride (Tanabe, Osaka), nicardipine hydrochloride (Yamanouchi, Tokyo) and 3-isobutyl-l-methylxanthine (IBMX, Sigma). All the drugs were dissolved in physiological saline.
Intracerebroventricular injections were made in a volume less than 10,ul in 4 sec, and icy. infusions were made at a rate of less than 1,u1/min using an infusion pump (Princeton Medical Instrument, Model 575, Natic, MA, USA). Intravenous infusions of drugs were made through the implanted venous catheter at a rate of less than 10 a1/min. Postmortem examination of the brain was performed to verify the position of icy. cannulas.
Experimental protocol
Experiments were done as described below. In experiments testing the drug interaction all comparisons were done within the same animals. In conscious rats verapamil, diltiazem and nicardipine were infused icy. at rates of 0.3, 1 and 3,ug/kg/min for 30 min and cardiovascular responses to these drugs were examined. Doses were increased in a cummulative manner. The effect of the same amount of icy. saline was also tested as a control.
In conscious rats nicardipine was also infused iv. in doses of 0.3, 1, 3, 10 and 30pg/ kg/min for 10 min and their cardiovascular effects were examined. Experiment 2. Effects of Ca-antagonists on cardiovascular responses to i.c.v. clonidine
The effects of Ca-antagonists on cardiovascular responses to i.c.v. clonidine were examined. Since previous experiments showed that the cardiovascular effects of i.c.v. clonidine in conscious rats were minimal (Imai et al. 1986) , the experiments were done on anesthetized rats, unless otherwise stated. In this series of experiments, an i.c.v. infusion of each Ca-antagonist at a rate of 0.3 or 3,ug/kg/min was started 60 min before an i.c.v. injection of clonidine and continued until the effect of clonidine disappeared in anesthetized rats. The dose of each Ca-antagonist infused at a rate of 0.3 or 3,ug/kg/min for 60 min was termed as "low dose" or "high dose" of Ca-antagonist, respectively. At least 24 hr were allowed to elapse between the experiment with and without Ca-antagonist and the order was randomized.
2-1. The dose-response relationship for i.c.v, clonidine in doses of 1, 3 and 10 pg/kg was examined with and without icy. nicardipine. In the absence of nicardipine, the first dose (1 pg/kg) of clonidine was injected icy. 15 min after pentobarbital (50 mg/kg i.p.). Its second dose (3pg/kg icy.) was administered 2 hr after the first one, and 24 hr were allowed to pass before the third dose (10 pg/kg icy.).
The rats were anesthetized again before 10 pg/kg clonidine. Before or after the experiment in the absence of nicardipine, the low dose or the high dose of nicardipine was infused i.c.v, in anesthetized rats. The remaining procedures except nicardipine infusion were the same as those in the experiments without nicardipine. To maintain the stable anesthesia, pentobarbital (10 mg/kg i.p.) was supplemented any time as needed.
2-2. The effects of verapamil and diltiazem on the cardiovascular responses to icy. clonidine (10 p g/kg) were examined in anesthetized rats. Before or after the experiment without Ca-antagonist, verapamil or diltiazem in the low or the high dose was infused icy. and the effect of icy. clonidine was examined during infusion of each Ca-antagonist in a similar way to 2-l.
2-3. The effect of the high dose of icy. nicardipine on the cardiovascular responses to icy. clonidine in a dose of 30 ,u g/kg was examined also in conscious rats.
2-4. In anesthetized rats the effect of iv. nicardipine on the cardiovascular responses to icy. clonidine was examined. In experiments with iv. nicardipine, the infusion of this drug at a rate of 0.3 jig/kg/mm n was started before clonidine (10 ,u g/kg) injection and continued until the effect of the latter disappeared. The remaining procedures were the same as in 2-1.
Experiment 3. Effects of nicardipine on the cardiovascular responses to several centrally acting drugs
Since the effect of the low dose of i.c.v, nicardipine on cardiovascular responses to icy. clonidine was different from that of other Ca-antagonists, its effects on cardiovascular responses to other drugs administered icy. were investigated. At least 24 hr were allowed to elapse between the experiments with and without Ca-antagonist, and the order was randomized.
3-1. The dose-response relationships for cardiovascular action of icy. B-HT 920, a selective a2-adrenoceptor agonist, in doses of 1, 3 and 10 jig/kg were examined with and without the low dose of i.c.v. nicardipine in anesthetized rats. The procedures were the same as in 2-l.
3-2. The dose-response relationships for cardiovascular action of icy. angiotensin II in doses of 30, 100 and 300 ng/kg, and icy. GABA in doses of 450, 900 and 1,800 jig/kg were examined with and without the low dose of icy. nicardipine in conscious rats.
3-3. The cardiovascular effect of icy. clonidine in a dose of 10,ug/kg was examined with and without i.c.v. IBMX, a cyclic AMP phosphodiesterase inhibitor, in a dose of 3,ug/ kg/min for 60 min in anesthetized rats. The remaining procedures were the same as in 2-2. In the separate experiments, the cardiovascular effect of icy. IBMX was also examined in 6 conscious rats.
Statistical analysis
All values are given in terms of mean+s.E., unless otherwise stated. Dose-response curves were compared by analysis of covariance. Difference of time course within animals was compared using three-way analysis of variance. The remaining cardiovascular responses within animals were analyzed using Student's t-test for paired comparison.
RESULTS

Experiment 1
MAP and PR just preceding Ca-antagonist infusion are presented in Table 1 . In conscious rats all the three Ca-antagonists, i.e., verapamil, diltiazem and nicardipine, administered i.c.v. in doses of 0.3, 1 and 3,ug/kg/min for 30 min, induced dose-dependent increases in MAP and PR (Fig, 1) , whereas i.c.v, infusion of saline induced no significant change in these variables. The hypertensive and tachycardiac responses to the Ca-antagonists developed slowly and reached their respective peak values 10-15 min after the start of the infusion. As seen in Fig.  1 , the dose-response curves for increase in MAP and PR produced by the three Effects of icy.
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Ca-antagonists were not significantly different from each other. Nicardipine administered i.v. in doses of 3, 10 and 30pg/kg/min for 10 min caused a decrease in MAP and an increase in PR in a dose-dependent manner, whereas doses lower than 1,u g/kg/min for 10 min had no effect on these variables.
Experiment 2
In 6 rats the changes in MAP and PR after the pentobarbital anesthesia were followed. Fifteen min after i.p, injection of pentobarbital (50 mg/,kg), MAP fell to its nadir, then gradually recovered. Seventy-five min after the anesthesia MAP was significantly higher than that 15 min after anesthesia (p <0.05 vs. nadir). The PR at 15 min after pentobarbital injection was significantly lower than that 75 min after pentobarbital injection (p <0.05).
Clonidine administered i.c.v. (1, 3 and 10 p g/kg) induced biphasic changes in MAP and PR; initial hypotension and bradycardia followed by slight hyperten- sion and tachycardia.
Since the control experiments for pentobarbital anesthesia showed gradual increases in MAP and PR, the data concerning hypertensive and tachycardiac effects of i.c.v, clonidine were discarded from the present results. MAP and PR just preceding i.c.v. injection of clonidine (0.31ug/kg) were presented in Table 2 . (Fig. 3) .
2-2. Verapamil and diltiazem infused i.c.v, in the low dose did not modulate the cardiovascular effects of i.c.v. clonidine (10 jig/kg), whereas their high dose significantly potentiated the hypotensive effect of i.c.v. clonidine (10 ,u g/kg) ( Table 3) . Bradycardia induced by i.c.v. clonidine was also significantly potentiated by the high dose of icy. diltiazem (Table 3) . Percent changes in MAP and PR induced by i.c.v. clonidine in experiments without Ca-antagonist were also compared with those during infusion of the high dose of each Caantagonist. As shown in Table 3 , percent decreases in MAP during infusion of Ca-antagonists were still significantly greater than those in experiments without Ca-antagonist whereas only percent decreases in PR during nicardipine infusion were significantly greater than those in experiments. 2-3. The cardiovascular effects of i.c.v, clonidine (30pg/kg) with and without the high dose of i.c.v. nicardipine were also examined in conscious rats. The hypotensive effect of i.c.v. clonidine during nicardipine infusion was significantly greater than that in the experiment without nicardipine also in conscious rats (Fig. 4, F1 ,191 =31 .03, p <0.01), whereas changes in PR during nicardipine infusion were not significantly different from those in the experiment without nicardipine. Table 4 .
3-1. B-HT 920 (l, 3 and 10 pg/kg) administered i.c.v. caused dosedependent hypotension and bradycardia.
The onset of cardiovascular action of i.c.v. B-HT 920 was more rapid than that of i.c.v. clonidine. As shown in Fig. 5 , the low dose of i.c.v. nicardipine significantly attenuated the hypotension (F1 ,35 - 3-2. Angiotensin 11 (30, 100 and 300 ng/kg) administered i.c.v. induced dose-dependent hypertension and bradycardia.
In 3 of 7 rats, bradycardia was followed by slight tachycardia.
GABA (450, 900 and 1,800 pg/kg) administered i.c.v. induced dose-dependent hypotension and bradycardia, the latter being followed by tachycardia.
The low dose of nicardipine administered i.c.v, did not modulate the cardiovascular actions of i.c.v. angiotensin II (Fig. 6) and GABA (Fig. 7) .
3-3. Intracerebroventricular infusion of IBMX at a rate of 3 p g/kg/min for 30 min in conscious rats induced slight but significant hypertension (from 103.3+ 14.8 to 107.3±12.1 mmHg, p <0.05) and tachycardia (from 370±42.4 to 403± 50.9 beats/min, p <0.01). However, in anesthetized rats MAP and PR during IBMX infusion were not significantly different from those in experiment without IBMX treatment ( Table 4 ). The hypotensive and bradycardic effects of i.c.v. clonidine were significantly attenuated by centrally administered IBMX (Fig. 8) . 
DISCUSSION
The present study clearly demonstrated that the three structurally different Ca-antagonists, when administered i.c.v, in rats, all produced increases in MAP and PR. Their hypertensive effects are opposite to what these drugs produce when given i.v. Indeed, in the present study, too, i.v. nicardipine produced hypotension. Therefore, it is reasonable to conclude that the hypertensive and tachycardiac effects of the three Ca-antagonists administered i.c.v. are of central origin but not those which were produced by a fraction of the drugs that leaked into peripheral circulation. As their chemical structures vary, the three Caantagonists are different not only in potency or selectivity for vascular versus cardiac tissues (Taira 1979; Henry 1980 ) but also in action additional to Caantagonism. For example, diltiazem (Nakajima et al. 1975 ) and verapamil (Singh and Vaughan-Williams 1972; Bayer et al. 1975 ) in high concentrations have some blocking effects on the fast Na-channel, but not nicardipine (Iijima, Yanagisawa and Taira, personal communication). Therefore, the observed central hypertensive and tachycardiac effects of the three Ca-antagonists can not be attributed to such additional mechanisms of action but ascribed to Caantagonism. Here, the question arises how Ca-antagonism in the CNS results in hypertension and tachycardia.
Recently Timmermans et al. (1983) have claimed that there would be a close relation in activation between a2-tdrenoceptors at postsynaptic sites and the Ca-channel in the CNS as in peripheral vasculature. Their postulate was based on the findings that i.c.v. nifedipine inhibited the hypotensive effect of clonidine administered via the same route (i.c.v.). Thus, it may be reasonable to test whether the hypertensive and tachycardiac effects of the three Ca-antagonists would be explainable in terms of their inhibitory action on the Ca-channel activated following stimulation of postsynaptic a2-adrenoceptors. The present results, however, obtained with i.c.v. clonidine and the three i.c.v. Ca-antagonists were opposite to those reported by Timmermans et al. (1983) with i.c.v. clonidine and i.c.v. nifedipine. Diltiazem and verapamil in both the low and high doses, and nicardipine in the high dose given icy. all failed to attenuate but instead potentiated the hypotensive and bradycardic effects of i.c.v. clonidine in anesthetized rats. Furthermore, the potentiation by the high dose of icy. nicardipine of the hypotensive effect of clonidine was also observed in conscious rats although a much higher dose (30 jig) of clonidine was needed to produce a sizable hypotensive effect. Thus, it is unlikely that the three Ca-antagonists produced the hypertensive and tachycardiac effects by inhibiting the Ca-channel closely associated with central postsynaptic a2-adrenoceptors as suggested by Timmermans et al. (1983) . A new question arises what an alternative mechanism is.
Another postulation concerning the hypotensive and bradycardic effects of a2-adrenoceptor agonists is as follows : a2-adrenoceptors also exist at presynaptic sites, i.e., at nerve terminals in central noradrenergic neurons. Their activations result in a decrease in norepinephrine release which in turn results in the decreased activity in medullary facilitatory neurons and finally in the decreased sympathetic nerve activity (Van Zwieten et al. 1983) . A decrease in Cat-availability through the Ca-channel for norepinephrine secretion has been postulated as the mechanism underlying presynaptic a-adrenergic inhibition of norepinephrine release both in peripheral and in central noradrenergic neurons (Langer 1981; Starke 1981) . If Ca-antagonists inhibit Ca-influx at presynaptic nerve terminals of central noradrenergic neurons, this would result in effects similar to those of a2-adrenoceptor agonists. Consequently, it is likely that Ca-antagonists would act synergistically with a2-adrenoceptor agonists, leading to the potentiation of the effects of the latter. Indeed, it has been shown that 3H-norepinephrine release from rat cortex synaptosomes is more susceptible to a-adrenoceptor-mediated inhibition in the presence of increased concentrations of the inorganic Caantagonist, Mg2+ (DeLangen and Mulder 1980). Thus, as far as potentiation by the three i.c.v. CaJantagonists of the hypotensive and bradycardic effects of clonidine is concerned, this appeared to be explainable if their inhibitory effect on Ca-influx at presynaptic nerve terminals is postulated.
Recently Higuchi et al. (1985) reported that varapamil, diltiazem or nifedipine induced hypotension and bradycardia when these Ca-antagonists were administered into NTS or its vicinity and the effect of Ca-antagonist was blocked by 6-hydroxydopamine, suggesting that Ca-antagonists act presynaptically at catecholaminergic nerve terminals in such loci. It is well known that NTS and its vicinity are responsible for the hypotensive and bradycardic effect of a2-adrenoceptor agonists (Kobinger and Pichler 1980; Timmermans et al. 1981) . Thus, their results may also be explainable that Ca-antagonists induce hypotension and bradycardia through those modulatory effect on a2-adrenoceptor mechanism at NTS or its vicinity. Nevertheless, mechanisms responsible for their hypertensive and tachycardiac effects still remain to be elucidated.
In keeping with the results obtained with icy. nifedipine by , the low dose of Lc.v. nicardipine attenuated the hypotensive and bradycardic effects of icy. clonidine. In this respect the low dose of nicardipine was of particular interest. Here, it should be recalled that nicardipine is not only a Ca-antagonist but also a potent inhibitor of cyclic AMP phosphodiastase (PDE) (Sakamoto et al. 1978 ; Nishikori et al. 1981 ). The involvement of PDE inhibition in the action of nicardipine has been demonstrated in rat uterine smooth muscle : When oxytocin-contracted uterine smooth muscle is relaxed by nicardipine, there is an increase in intracellular level of cyclic AMP (Nishikori et al. 1981) . Therefore, it is tempting to postulate that the attenuation by the low dose of i.c.v. nicardipine of the hypotensive and bradycardic effects of icy. clonidine is ascribed to its inhibitory action on PDE rather than to the action as a Ca-antagonist. In support for this possibility, i.c.v. IBMX caused an effect similar to that of the low dose of i.c.v. nicardipine. The potent inhibitory action of nifedipine on calmodulin-sensitive PDE has recently been reported but not of diltiazem and verapamil Norman et al. 1983 ). In addition Skolnick and Daly (1976) reported that clonidine can potentiate the effect of a-adrenoceptor or /3-adrenoceptor mediated elevation in adenylate cyclase activity in the cerebral cortex. Thus, the results obtained with icy. nifedipine and clonidine by Timmermans et al. (1983) would be understandable.
The question at the moment is not answered, however, why the dihydropyridine Ca-antagonists act as PDE inhibitors only in low concentrations.
The attenuation by the low dose of i.c.v. nicardipine was also seen in the cardiovascular effects of i.c.v. B-HT 920 but not of those of i.c.v. angiotensin II and GABA. Thus, the attenuating effect of the low dose of i.c.v. nicardipine was specific for the hypotension and bradycardia produced by a2-adrenoceptor stimulation. Interaction between PDE inhibitors and a2-adrenoceptor agonists to attenuate the effect of each has been shown from the level of behavior (Grant and Redmond 1982) to that of single neuronal activity (Matsui and Yamamoto 1984) . The attenuation of the hypotensive and bradycardic effects of clonidine by IBMX and the low dose of nicardipine would be a phenomenon between the two extreme levels. However, it is worthy of considering that IBMX is known to possess a variety of actions in the brain besides PDE inhibition. The possibility remains that an interaction between clonidine and IBMX may occur at other sites.
After all in the present study we could not elucidate the site and mechanism responsible for the hypertensive and tachycardiac effect of Ca-antagonists. However, when the present results are compared with the recent results obtained by Higuchi et al. (1985) , it is apparent that hypertension and tachycardia induced by Ca-antagonists are produced by their action on sites other than NTS or its vicinity. As their chemical structures vary, the three Ca-antagonists act with different potencies. Nevertheless, in the present study three structurally diver-gent Ca-antagonists revealed equal potency for producing pressor and tachycardiac response when administered centrally. Thus, it is also possible that their hypertensive and tachycardiac effects are mediated by their unknown but common feature other than Ca-antagonism.
Finally, the clinical relevance of the present results should be referred. It has been reported that the tolerance to the hypotensive effect of nifedipine readily developed when nifedipine alone was administered to hypertensive patients, and that not only the hypotensive effect of nifedipine was greatly potentiated but also the development of tolerance was eliminated by combination of nifedipine with clonidine (Imai et al. 1980 ). The development of tolerance has been explained mainly by the volume expansion and reflexively-induced enhancement of sympathetic nerve activity. However, another explanation can be offered by the present results, i.e., the central hypertensive and tachycardiac effects of Caantagonists. The present results that the three Ca-antagonists potentiated the hypotensive and bradycardic effects of clonidine appear to provide an explanation for the potentiation and disappearance of development of tolerance in nifedipine effect by clonidine. Although in the present study it has not been examined whether the hypotensive effect of i.v. nifedipine is potentiated by i.c.v, clonidine, the potentiation of hypotensive effect of nifedipine by clonidine in the treatment of hypertension may also be explained by the central interaction of these drugs.
